Abstract. Elevated aerobic glycolysis in cancer cells (Warburg effect) has been observed in many tumor types including nasopharyngeal carcinoma (NPC), which can often be detected clinically using FDG-PET. However, the role of glycolysis in supporting the growth of NPC cells and its therapeutic implications still remain to be investigated. In the present study, we showed that the LDH inhibitor oxamate significantly suppressed NPC cell proliferation in vitro and tumor growth in vivo, yet exhibited minimum toxicity to normal nasopharyngeal epithelial cells in vitro and was well tolerated in mice. Moreover, oxamate exhibited cytotoxic effect in NPC cells under hypoxia. Mechanistic study showed that oxamate significantly inhibited LDH activity, leading to a substantial decrease in glucose uptake and lactate production. Combination of oxamate with a mitochondrial respiratory complex I inhibitor resulted in a significant depletion of cellular ATP and a synergistic killing of cancer cells. Our results suggest that inhibition of glycolysis by oxamate is an effective therapeutic strategy for treatment of NPC and that combination of this compound with mitochondrial-targeted agents may improve the therapeutic activity.
Introduction
Nasopharyngeal carcinoma (NPC) is a malignancy with unique geographic distribution and is most common in certain areas of Asia such as the southern part of China (1) . In clinical practice, early detection of NPC still remains a major challenge and many NPC patients are diagnosed in the advanced stage with limited treatment options. This situation contributes to the relatively high mortality of NPC. Currently, the therapeutic options of NPC include chemotherapy, radiotherapy and chemoradiotherapy (2) . Despite the significant progress in our understanding of NPC genetics and disease development, the therapy of NPC still remains to be a great challenge due to drug resistance, disease relapse and metastasis. The high toxicity of conventional chemotherapy and radiotherapy also affects the quality of life of NPC patients (3, 4) . Therefore, it is of great importance to develop novel and effective therapeutic strategies that specifically kill NPC and is tolerated by normal cells (3) . Metabolic intervention based on the unique metabolic alterations in cancer cells is one of the attractive therapeutic strategies with high anticancer activity and selectivity.
One of the major metabolic alterations in cancer cells is elevation in aerobic glycolysis, a phenomenon known as the Warburg effect observed many decades ago (5) . The increase in glucose uptake by cancer cells constitute the key biochemical basis of 18 fluorodeoxyglucose positron emission tomography (FDG-PET) for clinical diagnosis of cancer (6) . Although the exact reasons for the preference of cancer cells to use the glycolytic pathway still remain to be investigated, this altered energy metabolism may represent a vulnerability of cancer to therapeutic intervention (7) . Similar to many other cancer types with high FDG-PET signal (6, 8) , NPC cells seem to be highly active in glycolysis and can be readily detected using FDG-PET scan, which in fact has been used for diagnosis and prognosis evaluation of NPC with high standard uptake values (SUV) being associated with poor prognosis (9) . This is consistent with the recent study suggesting that active aerobic glycolysis occur in the head and neck squamous carcinoma (10) . However, it remains unclear if the active glycolytic activity in NPC cells could be exploited for therapeutic purpose and the key enzymes in the glycolytic pathway that may be targeted to kill NPC cells remain to be investigated.
Lactate dehydrogenase (LDH) is an enzyme that catalyzes the conversion of pyruvate to lactate and thus significantly affect the glycolytic metabolism. Interestingly, the expression of LDH has been found to be an independent prognosis biomarker in different cancers including NPC (11, 12) . Furthermore, the level of LDH seemed to be associated with NPC bone metastasis (13 (14) (15) (16) (17) (18) , indicating an association between elevated glycolytic activity and the malignant behavior of NPC cells. These observations suggest that LDH may be a key enzyme that plays an essential role in energy metabolism in NPC cells and that it may be possible to target this enzyme as a therapeutic strategy for treatment of this malignant disease. In the present study, we showed that inhibition of LDH by oxamate led to significant suppression of glucose uptake and lactate generation and inhibited NPC growth in vitro and in vivo. We also found a drug combination strategy that is highly effective in abrogating energy metabolism in NPC cells and significant therapeutic implications.
Materials and methods
Reagents. Oxamate was purchased from Sigma-Aldrich. LDH activity detection kit was purchased from Biovision (San Francisco, CA, USA). Strips for glucose and lactate detection were the product of Roche (Mannheim, Germany). Annexin V/ PI staining reagents were purchased from Keygene (Nanjing, China). MitoSOX and Rhodamine-123 were from Molecular Probes (OR, USA). ATP detection kit was purchased from Promega (Madison, WI, USA).
Cell culture. Human nasopharyngeal carcinoma cell lines CNE1 and CNE2 were cultured in DMEM medium supplemented with 10% FBS. The immortalized nasopharyngeal epithelial cells (NP69) were cultured in keratinocyte-SFM medium (Invitrogen) supplemented with bovine pituitary extract (BD Biosciences). A hypoxic culture condition was created by incubating cells in a sealed modular incubator chamber (Billups-Rothenberg, Del Mar, CA, USA) flushed with a gas mixture containing 5% CO 2 and 95% N 2 . Because the culture flasks contained ambient oxygen at the beginning of the experiments, the final oxygen content in the hypoxia chamber was ~0.5-1% after achieving air equilibrium as described previously (19) .
MTT assay. Cells in logarithmic growing phase were seeded in 96-well plates with 3,000 cells in each well. Various concentrations of oxamate were added to the wells and the plates were placed in a cell culture incubator for 72 h. The samples were then incubated with MTT reagent (20 µl/well) and incubated for another 4 h. After the culture medium was removed, the cells were lysed with 200 µl DMSO to dissolve the purple formazan and the OD values were detected at the wavelength of 570 nm as described previously (20) .
Colony formation assay. Cells in logarithmic phase were seeded in 6-well plates with 500 cells in each well. Various concentrations of oxamate were added to the wells. The cells were cultured for two weeks before fixation and staining with crystal violet. The samples were photographed and the colonies were counted as described previously (21) .
Annexin V/PI assay. Apoptosis was detected using Annexin V/ PI double staining as described previously (20) . After the drug treatment, cells were harvested, washed and counted. The cells were then stained with Annexin V and PI in binding buffer for 15 min and cell viability was analyzed using the FACSCalibur flow cytometer (BD Co., USA).
Cell cycle analysis. Cells in logarithmic phase were seeded in 6-well plates with a density of 2x10 5 cells per well. Different concentrations of oxamate were added and the plates were incubated for 24 h. The cells were harvested and fixed with 75% alcohol at 4˚C for 4 h and then incubated with RNase at 37˚C for 30 min followed by addition of PI. Finally, cell cycle distribution were detected by using the BD FACSCalibur flow cytometer (22) .
Glucose uptake and lactate production assays. Cells were seeded in 6-well plate with the density of 2x10 5 cells/well. After the indicated incubation periods, medium was removed for measurement of glucose and lactate concentrations using the Roche Accurend Analyzer (Roche) as previously described (23) . Experiments were repeated for at least three times.
Assay of cellular ATP. Cells in logarithmic growth were seeded in 96-well opaque plates with the density of 50,000 cells per well. Oxamate (50 mM) was added and the plates were incubated for 6, 12, 24 or 48 h. Cellular ATP contents were measured using the Promega ATP detection kits according to the procedures recommended by the manufacturer. Luminescence (relative light unit) was detected by a luminescent plate reader as previously described (23) . ATP contents in the samples were calculated according to the standard curve.
Reactive oxygen species (ROS) and mitochondrial transition potential (MTP) detection.
Cells were stained for 30 min with DCF-DA for ROS detection or Rhodamine-123 for MTP detection. The samples were harvested and analyzed using a BD Calibur flow cytometry as described previously (24) .
LDH activity assay. LDH activity was analyzed as described previously (25) . Briefly, cells were washed, homogenized and centrifuged. The supernatant was added into a 96-well plate. After addition of the reaction mix, enzyme reaction was initiated and OD value was detected at the wavelength of 450 nm. LDH activity was calculated as described previously (26) .
Animal study. Balb/c nude mice (age 4-6 weeks) were purchased from the Laboratory Animal Center of Guangdong Province. Animal study was performed according to a research protocol approved by the ethics committee of the laboratory animal research of Sun Yat-Sen University Cancer Center. Two million CNE-2 cells were inoculated into the right flank of the mice. When the average tumor volume reached 100 mm Statistical analysis. Data are presented as the means and SD of at least three independent measurements. Statistical analysis (one way ANOVA or unpaired t-test) was used to determine differences between means of different experimental groups. Significance level for all statistical comparisons was set at P<0.05. Graph pad Prism 5.0 software (US) was used to draw pictures. Canvas X (US) was used to align and process pictures.
Results
Selective anti-proliferative effect of oxamate against NPC cells. We first used MTT assay to evaluate the effect of oxamate treatment on the proliferation of two human NPC cell lines (CNE-1 and CNE-2). The results showed that oxamate caused a strong inhibition of proliferation in nasopharyngeal carcinoma cell lines in a dose-dependent manner (Fig. 1) . CNE-1 and CNE-2 exhibited similar sensitivity to oxamate with the IC 50 values of 3.6±0.75 and 4.80±0.95 mM, respectively. Intriguingly, the cytotoxicity of oxamate against immortalized human normal nasopharyngeal epithelium NP-69 cells was markedly less (higher IC 50 value, 30 mM) compared to malignant NPC cell lines (P<0.05), indicating a preferential inhibitory effect of oxamate against NPC cells (Fig. 1) . We also used colony formation assay to further evaluate the effect of oxamate on the colony forming ability of NPC cells. The results showed that oxamate was able to effectively suppress colony formation of NPC cells in a concentration-dependent manner, with >80% of colonies lost when treated with 18 mM oxamate in both NPC cell lines (Fig. 2, P<0 .01). Induction of apoptosis by oxamate in NPC cells. We then further tested if the strong anti-proliferative activity of oxamate was due to cytotoxic effect or cytostatic effect. Annexin V/PI double-staining assay was first used to test if oxamate can directly induce apoptotic cell death in NPC cells under normaxic and hypoxic conditions. The results indicated that oxamate at high concentrations (50-100 mM) was able to induce apoptosis in both CNE-1 and CNE-2 under normoxia (Fig. 3, P<0 .01). Interestingly, this compound seemed also effective in causing apoptosis under hypoxia (1% oxygen), although at a slightly lower rate (Fig. 3, P<0 .01).
Cell cycle analysis to test the potential effect of oxamate on cell cycle progression. As shown in Fig. 4 , oxamate at the concentrations of 25-50 mM did not significantly affect cell cycle distributions (Fig. 4C-G) , while a higher concentration (100 mM) induced cell cycle arrest at G2 phase in both CNE-1 cells (Fig. 4D) and CNE-2 cell (Fig. 4H) .
Oxamate inhibits glycolytic activity in NPC. Since oxamate is an inhibitor of lactate dehydrogenase (LDH), we tested if this compound could affect glucose uptake and lactate generation, two key indicators of glycolytic activity, in NPC cells. The ability of oxamate to inhibit LDH activity was first confirmed in two NPC cell lines. As shown in Fig. 5A and B, incubation of CNE-1 and CNE-2 cells with 50 mM oxamate resulted in a time-dependent inhibition of LDH in both cell lines (P<0.01). Interestingly, the basal LDH activity in CNE-2 cells (150 U) was significantly higher than that of CNE-1 (20 U), which could be a reason for the higher sensitivity of CNE-2 cells to oxamate in apoptotic response (Fig. 3) and cell cycle arrest (Fig. 4) , since this cell line might be more dependent on LDH.
To further evaluate the impact of oxamate on glucose energy metabolism in NPC cells, we analyzed the effect of this compound on glucose uptake, lactate production and cellular ATP contents. Incubation of NPC cells with oxamate caused a time-dependent decrease in glucose uptake (Fig. 5C, P<0 .05) and lactate production (Fig. 5D, P<0 .05) in both CNE-1 and CNE-2 cell lines. Such decrease was consistent with the timedependent inhibition of LDH enzyme activity ( Fig. 5A and B) . Interestingly, inhibition of glycolysis by oxamate only caused a transient decrease in cellular ATP by 20-40% during the first 6-12 h and cellular ATP levels restore to the control levels by 24-48 h (Fig. 5E, P>0 .05). These data together suggest that NCP cells were able to compensate the loss of ATP due to glycolytic inhibition by upregulation of another energy production pathway such as oxidation phosphorylation in the mitochondria.
Oxamate induces an increase in mitochondrial transmembrane potential and ROS. The potential effect of oxamate on mitochondria functional status was tested in two NPC cell lines. As shown in Fig. 6 , we used two fluorescent probes the Rhodamine-123 and Mito-SOX to evaluate the effect of oxamate on mitochondrial transmembrane potential (MTP) and reactive oxygen species (ROS), respectively, and showed that treatment of NPC cells with 50 mM oxamate induces a significant increase in MTP and ROS levels both in CNE-1 and CNE-1 cells (Fig. 6, P<0 .05). These changes seem to suggest that the mitochondrial metabolic activity might be increased in response to inhibition of glycolysis in the cytosol to compensate ATP generation. This possibility was further confirmed by drug combination study in which inhibition of mitochondrial respiration by rotenone significantly enhances the effect of oxamate in terms of ATP depletion and cytotoxicity.
Inhibition of mitochondrial respiration in combination with oxamate leads to synergistic ATP depletion and cytotoxicity in NPC cells.
Mitochondrial oxidative phosphorylation and glycolysis in cytosol are two major pathways that produce cellular ATP. Based on the observations that oxamate inhibited glycolysis and caused an increase in mitochondrial ROS and MTP, we postulated that glycolytic inhibition by oxamate might cause a compensatory increase in mitochondrial ATP generation, which prevented ATP depletion and massive cell death. To investigate this possibility, we used rotenone, a specific inhibitor of mitochondrial respiratory chain complex I, in combination with oxamate and tested their combined effect on cellular ATP and cell viability. As shown in Fig. 7 , a sub-toxic concentration of oxamate (3.15 mM) or a sub-toxic concentration of rotenone (10 nM) alone did not cause any significant depletion of ATP in CNE-1 cells (Fig. 7A) or CNE-2 cells (Fig. 7B, P<0 .01). Combination of both compounds at the same concentrations led to a synergistic depletion of cellular ATP and massive loss of cell viability by >80% in both cell lines (Fig. 7C and D, P<0.01) . These results together suggest that NCP cells might be able to utilize glycolysis and oxidative phosphorylation to compensate for the loss of ATP if one of these metabolic pathways is inhibited and that a simultaneous inhibition of both pathways would be highly effective in killing NPC cells.
Antitumor activity of oxamate in vivo.
Animal experiments were performed to test the potential therapeutic activity of oxamate against NPC. CNE-2 cells were inoculated subcutaneously (2 million cells/injection) into the right flanks of nude mice. When the tumor volume reached approximately 100 mm 3 , the mice were divided into two groups (5 mice/each). The treatment group received oxamate injection (750 mg/kg, i.p.) daily, while the control group received PBS treatment. As shown in Fig. 8A , oxamate treatment substantially inhibited tumor growth. At the end of the experiment, tumors were removed for weighing. The average tumor weights in the oxamate-treated group were significantly less than that of the control group (P<0.01, Fig. 8B, P<0 .01). The daily oxamate treatment seemed well-tolerated by the animals and there was no significant loss of body weights (Fig. 8C, P>0 .05). These data together suggest that oxamate may have potential for treatment of NPC.
Discussion
Accumulating evidence suggests that metabolic alterations are one of the important hallmarks of cancer and that such biochemical changes may be exploited for therapeutic purpose (26) . Increase in aerobic glycolysis is perhaps the most prominent metabolic alteration observed in cancer cells with potentially significant therapeutic implications in clinical cancer treatment (27) . Several small molecular weight compounds such as 2-deoxyglucose, 3-bromopyruvate, lonidamine and oxamate have been shown to inhibit glycolysis with significant anticancer activity in vitro and in vivo (28) . Owing to the promising anticancer effects of glycolytic inhibitors observed in cell culture and in animal tumor models, it would be important to evaluate glycolytic inhibitors in clinical setting and to further develop new generation of compounds with better therapeutic potential. In this research area, several metabolic targets and inhibitors are emerging (29, 30) .
Among the small compounds that inhibit cancer energy metabolism, oxamate was initially identified over 40 years ago as an inhibitor of LDH (31) . Inhibition of LDH by oxamate causes a decrease in lactate production and suppression of cancer cell proliferation. In our study, we showed that oxamate was able to kill NPC cells both in normoxic and hypoxic conditions (Fig. 3) . This is important because many conventional anticancer drugs become less effective in hypoxia and thus compounds capable of killing cancer cells in hypoxia would potentially be useful to overcome hypoxiainduced drug resistance. Mechanistically, hypoxic cells are more dependent on glycolysis to generate ATP due to limited availability of oxygen for oxidative phosphorylation. As such, glycolytic inhibition is expected to be effective in killing hypoxic cells. Previous study indeed suggested that hypoxia rendered cancer cells sensitive to glycolytic inhibitors (32) . It is possible, however, that induction of HIF-1α by hypoxia and activation of Akt and other survival molecules may protect tumor cells from the cytotoxic effect of oxamate to some degree.
Previous study showed that high expression of LDH in breast cancer cells was associated with active glycolysis and resistance to taxol and that inhibition of LDH by oxamate sensitized the tumor cells to taxol (33) . Interestingly, it was shown that the high expression of ErbB2 in breast cancer cells promoted LDH expression and that oxamate was able to effectively kill these breast cancer cells with Erb2 overexpression (34) . Furthermore, breast cancer cells resistant to trastuzumad (a drug that suppresses Erb2 signaling) was found to overexpress LDH and inhibition of LDH by oxamate or by RNAi sensitized these cancer cells to trastuzumad (25) . The important role of glycolytic inhibition in sensitization of cancer cells to chemotherapy and radiotherapy has also been demonstrated in other experimental systems (35, 36) . These data, together with our observations that oximate was effective in killing NPC cells in vitro and suppressing NPC tumor growth in vivo, show the promising therapeutic potential of using oxamate in cancer treatment. However, it should be noted that the effective concentrations of oxamate required to kill cancer cells are very high (in mM range), which might limit its clinical use. The development of more effective LDH inhibitors such as Galloflavin with potent anticancer activity (37) may provide a solution.
In this study, oxamate exhibited selective cytotoxic effect against NPC cells with less cytotoxicity toward immortalized human nasopharyngeal epithelial cells (NP-69) in vitro and was well-tolerated in animals, suggesting that normal cells are less sensitive to glycolytic inhibition, likely due to their normal mitochondrial function and less dependence on glycolysis. We showed that oxamate could inhibit the glucose uptake and lactate production and that such glycolytic inhibition could be observed as early as 6 h, which was much earlier than the appearance of apoptosis. These observations together suggest that inhibition of glycolysis was a primary event leading to cell death. In addition to glycolytic inhibition, we also observed that oxamate caused changes in mitochondria as evidenced by an increase in mitochondrial transmembrane potential and ROS generation (Fig. 6) . The mechanisms responsible for oxamate-induced mitochondrial changes and their role or contributions to the cytotoxic action of oxamate remain unclear and require to further investigation. A recent study showed that oxamate was able to inhibit aspartate aminotransferase (34) , suggesting that this compound may have multiple cellular targets.
Interestingly, we observed that inhibition of glycolysis by oxamate caused a short-term decrease in cellular ATP by 20-40% during early drug exposure time period (6-12 h), but cellular ATP contents recovered to the normal level by 24-48 h, suggesting that NPC cells (CNE-1 and CNE-2) were able to compensate the loss of ATP due to glycolytic suppression by oxamate. The mechanism responsible for this metabolic compensation was likely through activation of mitochondrial oxidative phosphorylation, since inhibition of mitochondrial respiratory chain by rotenone in combination with oxamate caused a severe depletion of cellular ATP and massive loss of cell viability (Fig. 7) . These data suggest that such mechanismbased drug combination might have potential to improve therapeutic activity in NPC treatment. This is consistent with the recent findings that a combination of mitochondria-targeted drugs and the glycolytic inhibitor 2-deoxyglucose exhibit synergistic effect against breast cancer cells (38).
In conclusion, we showed that oxamate was able to inhibit glucose uptake and lactate generation in NPC cells. This compound exhibited significant anticancer activity against NPC cells in vitro under normoxia and hypoxia and suppressed tumor growth in vivo. Activation of mitochondrial oxidative phosphorylation seems to be a compensatory mechanism that may compromise the ability of oxamate to kill NPC cells. Combination of oxamate with an inhibitor of mitochondrial respiration showed strong synergistic activity. It is important to further test the promising therapeutic activity of this novel drug combination in animals. It is also critical to test the potential cytotoxic effect of such drug combination in normal cells and in animal toxicology study to evaluate the therapeutic selectivity of this novel drug combination.
